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Introduction {#sec005}
============

The impact of stress on public health has become a major concern. A 2015 national survey showed that one-third of adults reported higher stress levels over the previous year with a significantly higher proportion reporting extreme stress \[[@pone.0195063.ref001]\]. One major concern related to rising stress levels is the elevated risk for Alcohol Use Disorder (AUD) and relapse in those suffering from addiction \[[@pone.0195063.ref002]\]. Although stress is a known factor in motivation to drink, the alcohol-stress relationship is complex, influenced by diverse environmental and biological factors, and changes along the transition to addiction \[[@pone.0195063.ref003], [@pone.0195063.ref004]\].

Craving for alcohol has been associated with consumption and is a subjective marker of AUD \[[@pone.0195063.ref005], [@pone.0195063.ref006]\]. For example, craving intensity across the day predicted greater number of drinks consumed in both dependent and non-dependent heavy alcohol drinking adults \[[@pone.0195063.ref007], [@pone.0195063.ref008]\]. The Elaborated Intrusion (EI) Theory of Desire views craving as a cognitive-emotional event consisting of sensory imagery episodes that vary in duration and intensity \[[@pone.0195063.ref009]\]. EI theory emphasizes negative affect, a common correlate of stress \[[@pone.0195063.ref010]\], as central to triggering intrusive desires for substances such as alcohol. Negative affect also increases awareness of any physiological deficit or feeling of deprivation, motivating people to approach activities, such as alcohol consumption, as a means of rebalancing one's hedonic state \[[@pone.0195063.ref009]\]. Indeed Cooney et al. have observed that, in men with alcoholism undergoing inpatient treatment, greater urge to drink when exposed to negative mood imagery and alcohol cues predicted shorter time to relapse after discharge \[[@pone.0195063.ref011]\].

The current study investigated the stress-craving relationship throughout the day in routine moderate-heavy alcohol consumers during periods of both drinking in their normal routine (normal trial) and an imposed period of alcohol abstinence (abstained trial). We also examined the acute effects of alcohol consumption by evaluating before drinking (pre-drinking) compared to after consuming alcohol (post-drinking) on normal trial days. Triggers of stress and craving are dependent on contextual, temporal, and environmental factors that vary across the day \[[@pone.0195063.ref012]--[@pone.0195063.ref014]\]. To capture these variations in stress and craving across the day this study utilized Ecological Momentary Assessment (EMA) methodology. This method involves repeated measurements, typically utilizing portable technology, of a subject's experience occurring in real time within their natural environment.

To understand how craving and stress across the day relates to an individual's trait craving characteristics, participants were also assessed with the Alcohol Craving Experience Questionnaire (ACE). The ACE is based on EI Theory of Desire and is an established measure of craving known to effectively discriminate between high and low risk drinkers and clinical versus non-clinical populations \[[@pone.0195063.ref015]\]. This study chose the ACE for this discriminative power and, although we did not expect extremely high scores within this group, it allowed us to classify individuals into lower and higher trait craving.

ACE scores were assessed for associations with EMA stress and craving patterns across the day. Based on EI Theory of Desire's view that the sensory-imagery experience behind craving is cumulative with additional cue exposure, we hypothesized that craving would increase across the day on both normal and abstained trials (hypothesis 1). We also expected higher alcohol craving across the day on the abstained trial, as drinking was not an available option to relieve the unfulfilled craving for alcohol (hypothesis 2a). In a more fine-grained analysis of abstinence and craving, we stratified responses on the normal trial as a function of whether they occurred prior to or following a drink. We expected that EMA craving would be substantially higher pre-drinking than post-drinking (hypothesis 2b) and that ratings would be greater across the day among those scoring higher on the ACE (hypothesis 3). Most importantly, due to the impact of negative affect on craving, we expected participants with higher ACE scores to report higher stress across the day (hypothesis 4a) and to exhibit a stronger relationship between EMA stress and craving (hypothesis 4b). Given limited previous research on EMA stress as a function of ACE scores, we did not formulate hypotheses regarding the association of time of day and drinking on stress and as a function of ACE scores.

In summary, the overarching goal of the current study was to investigate the experience of stress and craving across the day in moderate-heavy alcohol consumers during routine drinking behavior and imposed abstinence, and to determine if the relationship between these measures differed as a function of ACE scores. These findings are important, not only in understanding the experience of stress and craving across the day in routine, non-dependent drinkers, but in assessing the impact of drinking (acquisition of the target of craving), or lack thereof (abstinence) on stress and craving; a key manipulation from the perspective of the EI Theory of Desire.

Materials and methods {#sec006}
=====================

Participants {#sec007}
------------

We recruited thirty-four participants from the greater Winston-Salem, North Carolina area as part of a larger study that included brain imaging, which was approved by the Wake Forest University Health Sciences IRB. We excluded two participants due to missing EMA data, resulting in a final sample of 32 participants (14 men and 18 women). Inclusion criteria required that participants (a) were 24--60 years old, (b) consumed alcohol ≥ 50% of days in the past 3 months, and (c) maintained an average daily alcohol consumption of 1--3 drinks/day for women and 2--4 drinks/day for men for ≥ the past three years. Exclusion criteria included (a) previous or current diagnosis of AUD; (b) binge drinking as defined by the National Institute on Alcohol Abuse and Alcoholism (≥ 4 drinks for females, ≥ 5 drinks for males within 2 hours \[[@pone.0195063.ref016]\] more than once a month; (c) ˃ 3 occurrence of consuming alcohol before noon in the past 3 months; (d) currently undergoing treatment for a serious illness (diagnosed depression allowed if treated and stable for at least 2 months); (e) scored ˃ 20 on the Center for Epidemiological Studies Depression Scale (CES-D); (f) a neurological disease diagnosis; (g) consuming ≥ 500 mg/day of caffeine; (h) smoking more than 1.5 packs/day; or (i) a positive urine drug screen (Methamphetamine, Cocaine, Marijuana, Amphetamine, Opiates, & Benzodiazepines). Due to the association between body mass index (BMI) and blood-alcohol content (BAC), BMI was restricted to 18.5 kg/m^2^ to ≤ 35 kg/m^2^ \[[@pone.0195063.ref017]\]. Finally, because this study was part of a larger MRI project, participants had to be right-handed, not claustrophobic, or have any other medical condition that would put them at risk during the scanning protocol. The Clinical Institute Withdrawal Assessment of Alcohol (CIWA-Ar) was used as a screening measure for alcohol withdrawal symptoms on the abstained trial \[[@pone.0195063.ref018]\], which also served as a check for physical dependence (positive result never occurred). Participants received a total of \$350 for study completion.

Procedure {#sec008}
---------

### Study overview {#sec009}

The study protocol consisted of an initial screening visit and two experimental trials: three consecutive days of a normal drinking routine (normal trial), and three consecutive days of abstaining from alcohol (abstained trial). We scheduled both trials (normal and abstained) to ensure participants had no major disruptions (i.e. medical procedures) to their typical drinking routines or events that might impede the three consecutive days of alcohol abstinence, while randomizing participants to the order in which they received the normal and abstained trials. All study trials were scheduled to avoid any major life stressors or atypical life events. EMA data were collected throughout the three days of each experimental trial ([Fig 1](#pone.0195063.g001){ref-type="fig"}). Although not the focus of this report, both three consecutive trial days were followed by an MRI scan appointment (4^th^ day). A urine drug test (see the Participants section above for details) was administered at the beginning of each MRI appointment which ensured the absence of drug use during the extent of study participation.

![Design of the study, stimuli for Ecological Momentary Assessment (EMA) recordings, and compliance.](pone.0195063.g001){#pone.0195063.g001}

### Study measures {#sec010}

We employed the Time Line Follow Back (TLFB) \[[@pone.0195063.ref019]\], modified to record time of day (morning, afternoon, and evening) of consumption, to quantify alcohol consumption over the previous three months. This measure was used to verify that individual's drinking patterns met the eligibility criteria and later to describe the sample's drinking behavior ([Table 1](#pone.0195063.t001){ref-type="table"}). The EMA protocol utilized a Likert measure to assess intensity of craving and stress asking: "Do you have a craving for alcohol right now?" or "How much stress do you feel right now?" The response scale ranged from 0--10, with 0 for "no craving/no stress" and 10 for "extreme craving/extreme stress." In addition, participants self-administered a breath test for alcohol content after each Likert survey (see EMA protocol section below). This increased confidence that participants maintained alcohol abstinence during the abstained trial. We administered the ACE questionnaire following both the normal and abstained trials to capture participants' perceived intensity of craving across the past 3-days of each trial. In addition, we used the ACE strength of craving questionnaire following both trials using a "right now" or state-based response set because our interest was to use data from the strength measure in conjunction with functional magnetic resonance imaging (fMRI) data collected following each 3-day trial. The analyses presented here are restricted to the 11-item ACE frequency measure as a potential moderator of EMA responses collected during the two 3-day trials. Published psychometric data on the ACE supports its validity and reliability \[[@pone.0195063.ref015], [@pone.0195063.ref020]\]. In the current study, we also computed an alpha internal consistency reliability on the scale during both 3-day trials. An internal consistency reliability of 0.94 for the normal trials and 0.89 for the abstained trials support our using a composite total score for the ACE frequency questionnaire. Because there was no statistically significant difference between scores on the ACE frequency questionnaire assessed following either the normal or abstained trials (p = 0.34), we averaged values across the two trials for use in our analyses.

10.1371/journal.pone.0195063.t001

![](pone.0195063.t001){#pone.0195063.t001g}

  Variable                                           Overall (n = 32)   Male (n = 14)   Female (n = 18)
  -------------------------------------------------- ------------------ --------------- -----------------
  Age                                                38.28 (10.8)       37.29 (6.8)     39.06 (13.2)
  Body Mass Index                                    25.02 (3.9)        26.03 (3.7)     24.23 (4.0)
  [Race]{.ul}                                                                           
  Black or African American                          3                  2               1
  Asian                                              1                  1               0
  White                                              28                 11              17
  [Alcohol Use]{.ul}                                                                    
  Total Years Drinking                               18.22 (10.8)       17.86 (7.2)     18.50 (13.2)
  Years Maintained Current Drinking Pattern          8.06 (5.9)         9.29 (5.4)      7.11 (6.2)
  [Previous 3 Months (Time Line Follow Back)]{.ul}                                      
  \% of days that were drinking days                 80.79 (15.6)       79.53 (16.1)    81.77 (15.6)
  Average drinks consumed on drinking days           2.26 (0.7)         2.37 (0.3)      2.17 (0.9)

Sample Characteristics. Males and females did not differ significantly in any of the above categories (alpha = 0.05).

### Participant screening {#sec011}

A phone screen served as the initial evaluation of eligibility, followed by an in-person screening visit that included informed consent, a final determination of eligibility, and completion of self-report questionnaires including the ACE Questionnaire \[[@pone.0195063.ref020]\].

### The EMA protocol {#sec012}

EMA data collection occurred with study-issued iPhones that had three smartphone applications. iSurvey by Harvest Your Data (Wellington, New Zealand) allowed participants to complete a single item EMA craving and stress assessment. Audible Alerts (Wake Forest Medical Center Health Sciences) dispatched these random alerts to study participants prompting an EMA assessment. Breathometer brand ([www.breathometer.com](http://www.breathometer.com/), Burlingame, CA), then BACtrack Mobile Pro (for improved functionality, [www.bactrack.com](http://www.bactrack.com/), San Francisco, CA,) testing devices helped ensure alcohol abstinence.

Participants completed EMA assessments upon waking each morning, going to bed each evening, and when randomly prompted (9am-9pm) during both the normal and abstained trials. During normal trials, assessments occurred immediately before the first drink and after the last drink. The waking, going to bed, prior to the initial drink, and following the final drink of a drinking episode on normal trial assessments contributed to data points outside the 9am-9pm window. For each EMA assessment, participants first recorded the reason for the EMA assessment ("I just woke up", "I received a random alert", "I am about to start drinking", "I have just finished drinking", or "I am going to sleep"). They then completed the assessment by sliding a bar to the appropriate location on the Likert scale to indicate their current level of craving and stress, followed by a BAC breath test.

### Statistical analysis strategy {#sec013}

EMA reports from all participants were stacked and the number of responses was tallied as a function of whether they occurred on abstained or normal trials. EMA recordings during the normal trials were further stratified as occurring either prior to (pre-drinking) or following (post-drinking) a drink. Time of day was transformed into military time and centered at 15:00 hours (3 PM). EMA reports recorded after midnight, but before retiring for the night, were given values above 24:00 hours to accurately reflect the day on which they occurred (e.g., 25:00 for 1 AM). To account for nonlinear variations in levels of craving associated with time of day, the centered value of military time was squared to operationalize quadratic trends. Within participant variables were created to distinguish the abstained trials from the normal trials (i.e., the main study manipulation). One set of within participant variables was used to contrast EMA responses occurring on abstained vs. normal trials. Another set of within participant variables was used for a more fine-grained analysis of the effects of alcohol consumption on normal trials. The first contrasted occasions on normal trials following the occurrence of the first drink (post-drinking, value of 1) to all other occasions (value of 0). The second contrasted occasions on normal trials after the occurrence of the first drink (pre-drinking occasions, value of 1) to all other occasions. For between participant variables, a categorical variable was used for sex (women = 1, men = 0) and ACE scores were centered at the sample mean. Descriptive analyses were performed with SPSS (version 19).

The distribution of craving reports was examined for normality and was found to exhibit positive skewness. Attempts to normalize the distribution by performing square root and logarithmic transformations were unsuccessful. To ensure that the skewness did not meaningfully impact the results, additional analyses were conducted using different operational definitions of the craving variable that were less skewed (for example, modeling the data with a Poisson distribution). The results of these analyses were identical for pre-drinking and post-drinking vs. abstained trials, the effects of time of day, and abstained trials vs. normal trials. The effects of ACE and female sex did however vary somewhat across these analyses possibly due to the relatively small sample size. Given that the main findings were not sensitive to the operational definitions of the craving variable, the findings presented in the current manuscript were limited to the main analysis with the craving score treated as a continuous variable.

Given the nested structure of the data set (i.e., repeated measures of cravings on abstained and normal trials which were nested within respondents) and the interest in ascertaining the influence of both within and between participant variables, the main statistical analysis strategy consisted of growth curve analyses, also known as multilevel modeling (Raudenbush, 2001). Multilevel modeling was performed with HLM (version 7.0, Scientific Software International, Chicago, IL). In a first set of analyses as a manipulation check, EMA responses occurring immediately before the first drink and immediately after the participant indicated that they had finished drinking (last drink) were extracted from the data set. A null multilevel regression model was applied to the extracted data set to estimate the intraclass correlation coefficient (ICC) (proportion of the total variance attributable to between person variation) and to test whether or not the between participant variance in overall craving was statistically significant. Then, the variable contrasting EMA reports collected immediately before the 1^st^ drink and after the last drink investigated the effect of consuming alcohol on craving.

All subsequent analyses were performed on the dataset from which recordings immediately prior to the first drink and following the last drink were removed from the normal trial (not necessary in the abstained trial). A null model was applied to estimate the ICC and to test the statistical significance of the between participant variance. Then, the variables operationalizing the linear and quadratic trends of time throughout the day were entered into the model to explore within day variations in craving intensity. Then, the variable contrasting EMA reports collected on abstained trials in comparison to normal trials was entered into the model to examine the effects of the study's main experimental manipulation.

A separate set of analyses, which was similar to the previous, was then conducted using two variables to operationalize the effects of drinking on normal trials. That is, the two variables operationalizing effects of pre-drinking and post-drinking on normal trials in comparison to abstained trials were entered into the model. This allowed for a more fine-grained examination of craving as a function of the study's experimental manipulation alongside the effects of alcohol consumption. Finally, the between participant variable operationalizing sex and ACE scores were added as a moderator of overall craving, time of day, abstaining, and alcohol consumption. Results were plotted to better illustrate findings.

Next, we investigated stress as an outcome variable in order to examine the effects of time of day, abstaining from drinking, and consumption of alcohol. We performed multilevel modeling by entering the effects of time of day (linear and quadratic trends), as well as the variables operationalizing alcohol consumption, in comparison to abstained trials and the moderating effects of ACE scores. Again, results were also plotted to illustrate findings. In a final set of models, we entered the effects of time of day, alcohol consumption, and stress while adjusting for the moderating influence of ACE on each of these variables.

Results {#sec014}
=======

The 34 participants provided a total of 1602 responses to the EMA craving assessment. Data from two participants were removed because one participant did not complete the ACE measure (n = 47 craving responses removed) and the other did not comply with the EMA procedure (n = 4 craving responses removed). The final data set included 1551 EMA responses recorded from 32 included participants. Among the 1551 EMA reports, 1365 were elicited either because the person had just awakened in the morning (n = 187), because s/he was about to go to bed (n = 166), or because s/he received an alert to complete an assessment (n = 1012). Of the 1365 reports, 712 occurred on abstained trials and 653 on normal trials (508 pre-drinking and 145 post-drinking). Another 186 EMA reports were triggered by the decision to drink, with 101 reports occurring immediately before the first drink and 85 after the last drink. Given that some participants experienced more than one drinking episode on normal trials, they provided more of these ancillary reports than requested. Individual participants provided between 34 and 48 EMA responses in response to getting up, going to bed, or random alerts (M = 42.7, SD = 3.5) and between 1 and 13 responses prior to and following drinks and during normal trials (M = 5.8, SD = 2.3).

Compliance with the EMA procedure for each of the different response conditions appears in [Fig 1](#pone.0195063.g001){ref-type="fig"}. As can be seen, compliance was high ranging from 82% (random alerts on normal trials) to 98.9% (waking up on normal trials). Abstinence from alcohol consumption on the abstained trials was confirmed both verbally and by random breath testing for all participants. On the three occasions when the breath test device malfunctioned, participants contacted the study coordinator and device troubleshooting was conducted. To encourage honesty, the participant could reschedule the abstained trial days without penalty in the event that a drink was consumed (this was never necessary). Although alcohol abstinence could not be confirmed with 100% certainty, we believe that the breath test protocol and communication with the study coordinator served to greatly enhance the confidence that the abstained state was maintained. For the entire sample, there were only three days on which participants reported consuming no alcohol during the normal trial. These occasions occurred in three separate individuals (all participants drank at least 2/3 of the drinking days) increasing confidence that the 3-day abstinence period disrupted normal drinking routines. Although the recruitment criteria required that alcohol be consumed on at least 50% of days on the TLFB, the actual sample reported drinking on 80.8% of days. [Table 1](#pone.0195063.t001){ref-type="table"} provides participant characteristics including age, BMI, race, and alcohol use. It should be noted that the sample included slightly more women (56.6%) and averaged ACE scores ranged from 0 to 4.23 and varied substantially (M = 1.14, SD = 1.02, 95% CI \[0.73, 1.50\]).

In the first set of analyses, the null model applied to the EMA data set immediately before the 1^st^ drink and immediately after the last drink (n = 186 reports nested within 32 participants) revealed statistically significant between participant variance in the craving intensity (X^2^(31) = 130.72, p\<0.001). The ICC was estimated to be p = 0.33 indicating that 67% of the variance in craving intensity was within person variation whereas 33% was between participant variation. The intensity of cravings were significantly higher (p\<0.001) pre-drinking in comparison to post-drinking (predicted values = 4.45 vs. 1.06) supporting the well-known effects of alcohol in reducing craving.

The null model applied to the data set involving the remaining 1365 EMA reports also showed statistically significant between participant variance craving (X^2^(31) = 809.9, p\<0.001). The ICC was estimated to be p = 0.37 again suggesting that most of the craving was within person variation. Modeling of the effects of time showed that craving increased as the day progressed but then dropped off later in the day (linear effects: b = 0.14, SE = 0.01, p \<0.001; quadratic effects b = -0.022, SE = 0.002, p \<0.001), supporting hypothesis 1. Further, modeling showed that craving was significantly higher on abstained trials in comparison to normal trials (b = 0.20, SE = 0.10, p\< 0.045), also in support of hypothesis 2a.

To further elucidate these findings, the next set of analyses jointly examined the influence that the experimental manipulation (alcohol abstinence) and alcohol consumption had on cravings. Once the effects of the time of day were included in the model, we observed that pre-drinking EMA reports of craving (on normal trials) were not different (p\>0.05) from EMA reports recorded at comparable times on abstained trials. However, post-drinking EMA craving reports were significantly lower (b = -1.08, SE = 0.19, p\<0.001) than both pre-drinking and abstained trial EMA reports, supporting hypothesis 2b. These findings are illustrated in [Fig 2](#pone.0195063.g002){ref-type="fig"}, Panel A. For hypothesis 3, we observed that individuals with higher ACE scores showed unique patterns of diurnal variations in craving throughout the day ([Fig 2](#pone.0195063.g002){ref-type="fig"}, Panel B). That is, these individuals reported higher EMA craving throughout the day (b = 1.57, SE = 0.18, p\<0.001) and reached higher levels at midday (b = 0.02, SE = 0.002, p\<0.001). ACE scores had no effect on craving reported on abstained versus normal trials; also, regardless of ACE scores, participants reported similar decreases in craving as a result of drinking (see [Fig 2](#pone.0195063.g002){ref-type="fig"}, Panels A & B).

![EMA craving in average and higher ACE scores.\
Predicted craving scores as a function of time of day, normal or abstained trials, and alcohol consumption across individuals with average (Panel A) and higher ACE scores (Panel B).](pone.0195063.g002){#pone.0195063.g002}

Examination of within-day patterns of stress and the effects of alcohol consumption while adjusting for the moderating influence of ACE scores revealed unique findings (see [Fig 3](#pone.0195063.g003){ref-type="fig"}). The ICC for stress was substantially higher than for craving with p = 0.50 indicating that about 50% of variability in stress was between participant variability with the remaining variance being within person. For craving, the ICC was lower at about p = 0.37. Stress showed within-day variations that were different from those observed for craving. That is, stress levels were lowest early and late in the day and thus showed an inverted-U pattern throughout the day (linear trend: p\>0.05; quadratic trend: b = -0.017, SE = 0.002, p\<0.001). More interesting, participants' ACE scores moderated the pattern of variation in stress throughout the day and as a function of alcohol consumption. That is, as illustrated in [Fig 3](#pone.0195063.g003){ref-type="fig"}, participants with higher ACE scores reported significantly greater stress throughout the day (moderating effect of ACE on the intercept: b = 1.04, SE = 0.26, p\<0.001) along with a more accentuated inverted-U pattern (hypothesis 4a) (moderating effects of ACE on quadratic trends: b = -0.009, SE = 0.001, p\<0.001). In addition, those with higher ACE scores reported elevated stress levels pre-drinking in comparison to comparable times on abstained trials (moderating effect of ACE: 0.22, SE = 0.10, p\<0.04). Interestingly though, individuals with average ACE scores experienced a decrease in stress post-drinking compared to abstained trials (b = -0.38, SE = 0.17, p\<0.024; see [Fig 3A](#pone.0195063.g003){ref-type="fig"}) but the moderating influence of ACE nullified this effect (b = 0.34, SE = 0.14, p\<0.018)) such that individuals with higher ACE scores did not show this significant decrease post-drinking in comparison to abstained trials (see [Fig 3](#pone.0195063.g003){ref-type="fig"}, Panel B).

![EMA stress in average and higher ACE scores.\
Predicted stress scores as a function of time of day, normal or abstained trials, and alcohol consumption across individuals with average (Panel A) and higher ACE scores (Panel B).](pone.0195063.g003){#pone.0195063.g003}

The final set of analyses that combined time of day, alcohol consumption, and stress as predictors of craving while accounting the moderating influence of ACE scores replicated and extended the findings observed in prior analyses. That is, individuals with higher ACE scores reported higher craving throughout the day (b = 1.07, SE = 0.17, p\<0.001) and reached higher levels at midday (moderating effect of linear trend: b = 0.03, SE = 0.01, p\<0.02); moderating effect of the quadratic trend: -0.01, SE = 0.002, p\<0.001), and all participants regardless of ACE scores reported similar decreases in craving (b = -1.11, SE = 0.18, p\<0.001) as a result of drinking (b = -0.03, SE = 0.15, p = 0.84). However, although higher stress was associated with greater craving (b = 0.22, SE = 0.03, p\<0.001), this association was stronger among those with higher ACE scores (b = 0.11, SE = 0.02, p\<0.001; see [Fig 4](#pone.0195063.g004){ref-type="fig"}, Panels A and B).

![Panel A & B: Normal trial. EMA craving in higher and lower stress in average and higher ACE scores. Predicted craving scores during the normal trial as a function of time of day, higher and lower EMA stress, and alcohol consumption for individuals reporting average (Panels A) and higher (Panel B) ACE scores. Higher ACE scores exaggerated the relationship between stress and craving. Panel C & D: Abstained trial. EMA craving in higher and lower stress in average and higher ACE scores. Predicted craving scores during the abstained trial as a function of time of day and higher and lower EMA craving for individuals reporting average (Panel C) and higher (Panel D) ACE scores. Higher ACE scores exaggerated the relationship between stress and craving.](pone.0195063.g004){#pone.0195063.g004}

Discussion {#sec015}
==========

The current study showed that, after accounting for time of day and the impact of alcohol consumption on cravings, moderate-heavy drinkers' responses were similar during both the normal and abstained trials. During the normal trial, craving intensity increased throughout the day (pre-drinking) followed by alcohol consumption that significantly lowered craving intensity ([Fig 2](#pone.0195063.g002){ref-type="fig"}). These results are consistent with the EI Theory of Desire which posits that substance related cues have an additive effect on craving \[[@pone.0195063.ref009]\]. In other words, as moderate-heavy drinkers move throughout the day, they are likely exposed to a greater number of cues that increase the probability of triggering intrusive, craving related thoughts that lead to rumination about the target of desire (alcohol). The imposed period of abstinence did not enhance craving, a finding that was contrary to our original expectation. However, according to the EI Theory of Desire, when individuals expect consumption to be delayed, they engage in strategies to reduce the discomfort associated with craving \[[@pone.0195063.ref009]\]. Hence, one interpretation of our finding is that, because participants knew that the abstinence period was only 3-days, they suppressed cravings during this period.

It is important to emphasize that individuals scoring higher on the ACE became more distinct from the rest of the group when considering EMA stress responses ([Fig 3](#pone.0195063.g003){ref-type="fig"}). As expected, as a group, moderate-heavy drinkers exhibited an inverted-U pattern of stress throughout the day. However, individuals with higher ACE scores reported significantly higher levels of stress and a steeper increase in stress at midday compared to ratings for the overall group. Interestingly, compared to abstained days, those with higher ACE scores reported higher stress on days they anticipated having a drink, but did not enjoy the same relief from craving post-drink as those with average ACE scores. The fact that individuals with higher ACE scores exhibited an elevated pre-drinking stress response on the normal as compared to the abstinence trial is interesting considering that the anticipation of consumption alone can trigger craving \[[@pone.0195063.ref009], [@pone.0195063.ref021]\]. In addition, the EI Theory of Desire posits that craving can enhance negative emotions that accompany stress due to increased attention on the state of deprivation, which may explain the elevated pre-drinking stress levels observed during abstinence in those with higher ACE scores. Also of note, [Fig 3](#pone.0195063.g003){ref-type="fig"} illustrates that *post*-drinking stress levels in those with higher ACE scores remained similar to levels during abstained trials in the overall group.

Most importantly, higher ACE scores were associated with a significantly stronger stress-craving relationship in EMA response patterns ([Fig 4](#pone.0195063.g004){ref-type="fig"}). The EI Theory of Desire describes negative affect as a crucial component of the experience of craving, with stronger craving elicited in the context of negative emotion and cognitive elaboration more likely when the intrusive, craving related thoughts have stronger ties to negative affect \[[@pone.0195063.ref009]\]. Negative affect can increase the motivation for behaviors aimed at returning to a positive hedonic state and thus increase drinking behavior \[[@pone.0195063.ref022]--[@pone.0195063.ref024]\]. Stress often precipitates and can intensify negative affect and has been found to increase craving in alcohol dependent individuals, but not in light-moderate drinkers \[[@pone.0195063.ref025]\]. This suggests that craving in the presence of stress may be an important indicator of AUD risk, particularly for individuals with higher ACE scores. Greater stress related increases in craving were also found to be associated with decreased treatment outcomes in recovering alcohol dependent individuals \[[@pone.0195063.ref026]\], further illustrating the importance of understanding the stress-craving relationship. Although previous work has also shown conflicting results for the role of stress in alcohol craving and consumption \[[@pone.0195063.ref012]\], the current findings suggest that momentary stress may be more closely linked to craving in moderate-heavy drinkers who regularly experience frequent craving (higher ACE scores), providing insight to one potential path to AUD.

Strengths of this study including contrasting stress and craving during normal and abstained trials using random EMA surveys taken across the day, as well as directly before the 1^st^ drink and after the final drink of the day during the normal drinking trial. However, there are some limitations to our study design. As cue exposure has been associated with craving \[[@pone.0195063.ref012], [@pone.0195063.ref027], [@pone.0195063.ref028]\], assessing these variables during the time of craving ratings may have provided additional insight into our findings. Additionally, the random alerts only occurred between the hours of 9am--9pm to avoid disruption of participants' sleep. On some occasions, this may have led to a lapse in data sampling depending on the participant's sleep schedule. However, the participant triggered alerts (i.e. "I am going to sleep") served to provide additional data outside the random alert schedule. In addition, this study's somewhat selective recruitment criteria are a consideration when generalizing these findings to the population. To our knowledge, this study design (imposed period of alcohol abstinence in contrast to normal drinking routine) is new to the alcohol literature. The three consecutive days of imposed abstinence was as a starting point, but craving across the day may have increased with additional consecutive days of alcohol abstinence. It would be interesting for future work to build on these findings by extending the abstinence period. A longitudinal study including reassessment of craving/stress and drinking behavior over time would help confirm our findings and the implications they may have for risk of AUD. It is also important to note that the use of the labels "high" or "higher" ACE scores in this sample refers to scores in a sample of this demographic and should not be taken to represent high scores on the ACE when considering the entire range of possible scores. Finally, future research should assess negative affect in conjunction with craving responses to better understand how negative affect tracks with increases in craving, albeit Kavanagh and colleagues \[[@pone.0195063.ref009]\] view craving as a negative emotion.

In summary, EMA stress and craving throughout the day varied within this sample of moderate-heavy drinkers. Those with higher ACE scores reported a stepper increase in craving and stress throughout the day, elevated stress pre-drinking, a return to abstained levels of stress post-drinking, and a stronger stress-craving relationship compared to the rest of the group. These findings suggest that the frequency with which moderate-heavy drinkers experience craving is important to understanding patterns of stress and craving experienced across the day and may provide new insights to the vulnerability of transitioning to AUD. They also provide a baseline for which to compare how other alcohol consumption patterns may very in their experience of stress and craving.
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